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Reply tc Attn of:

National Aeronautics and
Space Administration

Headquarters
Washington, DC 20546-0001

Moy 30 2005

Solar System Division

MEMORANDUM FOR THE RECORD

FROM: Associate Administrator for Science Mission Directorate (SMD)

SUBJECT: Endorsement Letter for Genesis Mishap Investigation Board Report, Volume I

After SMD review of the subject report, and receipt and review of endorsements from the
Office of Procurement and the Office of Safety and Mission Assurance (OSMA), I approve
the Genesis Mishap Investigation Board (MIB) Report, Volume 1.

I note in particular the comments in the OSMA endorsement memo that call specific
attention, as does the MIB report, to the treatment of heritage design and hardware as a
significant factor in the cause of the mishap. I concur with the recommendations listed in the
MIB report, and agree that the corrective action plan should ensure proper emphasis is placed
in the systems engineering process on heritage issues.

My office intends to work with the Office of the NASA Chief Engineer on the process to
develop the corrective action plan, as the recommendations apply more broadly than just to
programs within the SMD, noted as well in the OSMA endorsement memo.

I will add my voice to that of the NASA Chief of Safety and Mission Assurance in
commending the MIB on the excellent report they produced.

In keeping with NASA policy, this endorsement, as well as the endorsements from the Office
of Procurement and the Office of Safety and Mission Assurance, will be attached to the top
of the mishap report and will be published and distributed as a part of the report.

B Olean

Mary / Cleave
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cc:
Associate Administrator/Mr. Geveden
Chief Engineer/Mr. Scolese
Safety and Mission Assurance/Mr. O’ Connor
Science Mission Directorate/Dr. Hartman
Mr. Luther
Mr. Ledbetter
Mr. Dantzler
e Mr. Brody
GSFC/Mr. Ryschkewitsch
GSFC/Mzx. Spidaliere
JPL/Dr. Elachi
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Reply 10 Attn of:

National Aeronautics and
Space Administration

Headquarters
Washington, DC 20546-0001

October 12, 2005

Safety and Assurance Requirements Division

— NI
TO: Associate AdministraiorTor Science Mission Directorate

FROM: Chief, Safety and Mission Assurance

SUBJECT:  Endorsement Letter for Genesis Mishap Investigation Roard Report

I have reviewed the Mishap Investigation Report of the Genesis Failure and recommend the
report for approval. I concur that the report has been prepared as directed by the appointment
letter and meets the requirements specified in NPR 8621.1 with the following comments and
recommendations:

The mishap report provides a detailed description of the analysis techniques used to
evaluate all the potential causes of the mishap. The report clearly articulates that the
proximate cause of the mishap is the ‘inverted orientation of the G-switch sensors on
the relay cards of the Sample Return Capsule-Avionics Unit boxes.” The report
provides an excellent event and causal factor tree that traces this proximate cause, and
other failed controls that would have detected this design error to their corresponding
root causes.. In some cases (e.g., Root Cause #1.1, 2.3, and 5.1), the analysis falls a
little short, and stops at an intermediate cause rather than a root cause. However,
overall, the depth of the root cause analysis is adequate to understand the underlying
causes of the mishap so that they can be addressed in the corrective action plan. For
each cause/finding, the mishap report includes sufficient facts to adequately substantiate
the findings. The report provides a table that clearly illustrates how each finding is
addressed by one or more recommendations.

I concur with the recommendations listed in the report and ask that they all be included
in the corrective action plan with the following changes:

MIB’s Recommendation 1: “Institute a Systems Engineering Plans, Progress, and
Processes Review for all Science Missions Directorate projects as part of the normal
Project Design Review process.”

Since the failure to detect the design error occurred because of assumptions made that
heritage hardware required less vigilance and review than new hardware, it would make
sense to emphasize additional reviews that focus specifically on the use and verification
of heritage hardware. Specifically, systems engineering analysis and updated failure
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modes and effects analysis should be done for modifications to the hardware or
software regardless of the scope or size of the change. This recommendation should be
extended to encompass projects managed by the Exploration Systems Mission
Directorate (ESMD), requiring host centers to develop a process to ensure that “heritage
software and hardware” used in the Crew Exploration Vehicle (CEV)/Crew Launch
Vehicle (CLV) is adequately verified, validated and tested.

MIB’s Recommendation 10: “Reverification of all requirements should be required
until existing heritage verification can be certified as adeguate by the responsible
engineer and demonstrated to be adequate at the appropriate box-level review.
Likewise, testing requirements should specifically target all configuration changes from
the heritage design unless adequate detailed rationale can be developed.”

The reverification should not be limited to the box level. All changes need to be
analyzed at the systems level as well. The acceptance of detailed rationale should also
be subjected to a complete review/assessment. Additionally, use of the terms “as
adequate” and “detailed rationale” in this recommendation are vague and difficult to
verify. The corrective action plan should be more specific so that it can be effectively
implemented and closed.

As many of the recommendations of this report apply to all NASA Programs, Jet
Propulsion Laboratory and the Science Mission Directorate should work with the Chief
Engineer’s office in the development of the corrective action plan. The Chief
Engineer’s office should work with all centers and Mission Directorates to improve
systems engineering, design reviews, the verification processes, and evaluation of the
composition engineering teams that support programs and projects.

Overall, this was an excellent report and the Mishap Investigation Board should be commended
on a job well done.

In keeping with NASA policy, please attach this endorsement to the top of the mishap report
an| ish/disfribute it as a part of the report.

cc:
Associate Administrator/Mr. Geveden
Chief Engineer/Mr. Robinson (Acting)
Jet Propulsion Laboratory/Dr. Elachi
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EXECUTIVE SUMMARY

Genesis was one of NASA’s Discovery missions, and its purpose was to collect
samples of solar wind and return them to Earth. The Jet Propulsion Laboratory
was the managing Center; the California Institute of Technology was designated
the principal investigator and project team leader. Los Alamos National Labora-
tory provided the science instruments, and Lockheed Martin Corporation (acting
through its Lockheed Martin Space Systems company) was the industrial partner
and provided the spacecraft and sample return capsule. The Jet Propulsion Labora-
tory and Lockheed Martin Astronautics conducted mission operations.

Launched on August 8, 2001, Genesis was to provide fundamental data to help
scientists understand the formation of our solar system. Analysis of solar materials
collected and returned to Earth will give precise data on the chemical and isotopic
composition of the solar wind.

On September 8, 2004 the Genesis sample return capsule drogue parachute did not
deploy during entry, descent, and landing operations over the Utah Test and Train-
ing Range. The drogue parachute was intended to slow the capsule and provide
stability during transonic flight. After the point of expected drogue deployment,
the sample return capsule began to tumble and impacted the Test Range at 9:58:52
MDT, at which point vehicle safing and recovery operations began. Section 2.0
provides a description of the mishap.

On September 10, 2004, the Associate Administrator for the Science Mission
Directorate established a Type A Mishap Investigation Board as defined by NASA
Procedural Requirements 8621.1A, NASA Procedural Requirements for Mishap
Reporting, Investigating, and Recordkeeping, to determine the cause and potential
lessons from the incident. The Board was chartered to determine the proximate
cause of the failure, identify the root causes, and develop recommendations to
strengthen processes within NASA’s Science Mission Directorate to avoid similar
incidents in the future. Section 3.0 describes the method of investigation used by
the Board.

Additionally, the Board was to determine the adequacy of contingency response
planning and the appropriateness of the actual contingency response, to include the
safing and securing of the spacecraft and the science payload, and the protection of
response personnel. The results of this second inquiry are documented in Volume
II of this report.

The Board determined the proximate (or direct) cause of the mishap to be that the
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G-switch sensors were in an inverted orientation, per an erroneous design, and
were unable to sense sample return capsule deceleration during atmospheric entry
and initiate parachute deployments. Section 4.0 describes the proximate cause and
lists other candidates that the Board investigated.

The Board found that deficiencies in the following four pre-launch processes
resulted in the mishap:

e the design process inverted the G-switch sensor design;
e the design review process did not detect the design error;
e the verification process did not detect the design error; and

¢ the Red Team review process did not uncover the failure in the
verification process.

The Board identified several root causes and major contributing factors that resulted
in the design inversion of the G-switch sensors and the failures to detect it. The root
causes and contributing factors fall into six categories, some of which contributed
to more than one of the above process errors. Each category is briefly explained
below and in more detail in Section 5.0. Recommendations to avoid future reoc-
currences are provided in Section 6.0.

. Inadequate Project and Systems Engineering Management.

A lack of involvement by JPL Project Management and Systems Engineer-
ing in Lockheed Martin Space Systems spacecraft activities led to insuf-
ficient critical oversight that might have identified the key process errors
that occurred at Lockheed Martin Space Systems during the design, review,
and test of the spacecraft. This process was consistent with the Faster, Bet-
ter, Cheaper philosophy of the time and approved of by the Discovery
Program.

. Inadequate Systems Engineering Processes.

Multiple weaknesses within the Genesis Systems Engineering organization
resulted in requirements and verification process issues that led to the failure. The
Board recommends adding a thorough review of all project Systems Engineering
progress, plans, and processes as part of existing major milestone reviews. This
recommendation was written to enforce discipline and critical assessment in the
Systems Engineering organizations of future projects. Recommendations regard-
ing Systems Engineering also address the issues raised by the Inadequate Project
and Systems Engineering Management root causes by compelling a commitment
by Project Management to support an adequate Systems Engineering function.
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. Inadequate Review Process.

All levels of review, including the Genesis Red Team review, failed to detect the
design or verification errors. It is the Board’s position that technical reviews have
become too superficial and perfunctory to serve the needs of the Science Mis-
sion Directorate. The technical review recommendations in this mishap report
are targeted at significantly strengthening the Science Mission Directorate review
process beyond its current state.

. Unfounded Confidence in Heritage Designs.

Genesis Management and Systems Engineering and the Genesis Red Team made
a number of errors because of their belief that the G-switch sensor circuitry was
a heritage design. Further, the prevalent view that heritage designs required less
scrutiny and were inherently more reliable than new designs led to the mishap. The
Board addresses the systemic problem of inappropriate faith in heritage designs
in the Science Mission Directorate by recommending review and verification of
heritage designs to the same level expected of new hardware/software.

. Failure to ‘Test as You Fly.’

Several issues led to the lack of proper testing of the G-switch sensors, including
a failure to treat the G-switches as sensors, which ultimately led to the mishap.
The Board’s recommendations to strengthen the review process within the Science
Mission Directorate will partially address this issue, as well as a recommendation
to require a “test as you fly” plan and a “phasing test plan” for all Science Mission
Directorate projects.

. Faster, Better, Cheaper Philosophy.

As demonstrated by several failures, NASA’s use of the Faster, Better, Cheaper
philosophy encouraged increased risk taking by the Projects to reduce costs.
Although NASA Headquarters had solicited and selected Genesis under the Faster,
Better, Cheaper paradigm, the way JPL chose to implement the Genesis Mission
substantially reduced their insight of the technical progress of the project. This
precluded them from ensuring that the Project was executed within the range of
previously successful mission implementation practices, thereby adding additional
risk. The Discovery Program Office accepted these arrangements implicitly by
way of the selection and subsequent management review processes.

The potential pitfalls of this approach became clear when the Mars Climate Orbiter
and Mars Polar Lander missions failed. Although much has been done within
Science Mission Directorate to correct Faster, Better, Cheaper issues, the Board
recommends that when establishing appropriate levels of budgetary and sched-
ule reserve that the Science Mission Directorate gives greater consideration to the
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overall maturity; launch constraints (e.g., short window planetary vs. others), and
complexity.

Board members based several of the recommendations on their experience with
on-going Science Mission Directorate Systems Engineering and technical review
issues. The Board also considered previous failure investigations when generating
several of the recommendations. Most of the recommendations center on improv-
ing the technical review process of new designs, heritage designs, and Systems
Engineering. Instead of creating more reviews, the Board recommends establish-
ing more effective reviews that identify requirements, design, verification, and
process issues early to avoid costly overruns or tragic failures.

It appears highly likely to the Board that due to the dedicated efforts of the Genesis
Recovery and Curation Teams and the nature of the sample collection materials
most of the Genesis science goals will be met. However, the Board believes that
this fortunate outcome should not reduce the importance of the lessons learned
from the Genesis mishap to future missions.

Other significant observations and recommendations not directly related to root
causes or contributing factors are provided in Section 7.0. Recommendations of
the Board regarding actions the Stardust Project should consider are provided in
Section 8.0.
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1.0 SUMMARY OF
THE GENESIS PROJECT

a. Mission Description

Genesis was the fifth in NASA’s series of Discovery missions, and the first U.S.
mission since Apollo to return extraterrestrial material to Earth for study. The pur-
pose of the mission was to collect samples of solar wind and return them to Earth.
The California Institute of Technology (CIT) provided the principal investigator
and project team leader. The Jet Propulsion Laboratory (JPL) was the manag-
ing agency and provided the science canister. Los Alamos National Laboratory
(LANL) provided the electrostatic concentrator for the science canister and the
electron and ion monitors. Lockheed Martin Corporation (LMC), acting through
its Lockheed Martin Space Systems (LMSS) company, was the industrial partner
and provided the spacecraft and sample return capsule (SRC). JPL and LMSS
conducted mission operations.

Genesis was to provide fundamental data to help scientists understand the forma-
tion of our solar system, reinterpret data from past space missions, and provide
focus to many future missions. Analysis of the collector materials will give precise
data on the chemical and isotopic composition of the solar wind. Once analysis is
complete, the Genesis mission will provide:

1. a major improvement in our knowledge of the average chemical composition of
the solar system;

2. isotopic abundances of sufficient precision to address planetary science prob-
lems;

3. areservoir of solar material to be used in conjunction with advanced analytical
techniques available to 21% century scientists; and

4. independent compositional data on the three solar wind regimes.

Launched August 8, 2001, Genesis was positioned approximately one million miles
from the Earth orbiting the Earth-Sun libration point L1 which is outside Earth’s
magnetosphere. It remained in a libration point orbit for 28 months. The mission
trajectory is shown in Figure 1.1. The capsule lid was closed on April 1, 2004 and
the spacecraft returned for a daytime Earth entry.

PAGe 5 GENESIS MiIsHAP REPORT



GENESIS MISSION TRAJECTORY: 2001 — 2004
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b. Project Management Structure and Responsibilities

Under the Discovery Program Announcement of Opportunity (AO), the Discovery
Program policy was to solicit missions that maximized the partnership between
implementing NASA organizations, academia, and industry. The objective was to
develop high-content missions at lower costs and with shorter schedules than the
norm, i.e., ‘Faster Better Cheaper’ (FBC). The solicitation and selection required
a principal investigator (PI)-mode mission in which all decision making author-
ity was granted to the PI, who was responsible for mission scientific, technical,
and programmatic success. For Genesis, programmatic and technical management
authority was delegated by the PI to a JPL Project Manager with the lead JPL Mis-
sion Engineer (Systems Engineer) as his key technical staff and the LMSS Flight
System (spacecraft and SRC) Program Manager as the deputy to the JPL Project
Manager. The project organization is shown in Figure 1.2. It was also proposed
that LMSS use its own technical and programmatic processes with JPL review
and approval limited to systems-level requirements and verification. The Discovery
Program Office accepted these arrangements implicitly by way of the selection and
subsequent review process.
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organization in 1998.

The Lockheed Martin organization in 1998 is shown in Figure 1.3. The LMSS
Flight System Program Manager (also the Genesis Deputy Project Manager), had a
Chief System Engineer who managed the technical aspects of the program and the
supporting System Engineering, System Integration, Spacecraft and SRC Mechan-
ical Integration, and Assembly, Test, and Launch Operations (ATLO) teams. The
System Integration and Mechanical Integration Managers were members of the
program team. Subsystem leads reported to the Integration Manager and were
dedicated to Genesis but were members of the Product Development Organization
(PDO). This “home shop”-type organization within LMSS’s Flight System Orga-
nization provided hardware products for multiple LMSS Programs.

The PDO provided standardized products to the extent possible while still meet-
ing program requirements. The PDO developed requirements for their products
from the Flight System specification with Integration Manager approval, devel-
oped their products, verified them in accordance with the verification requirements
documented in their product spec, and delivered their products to the Integration
Managers and the Genesis ATLO Team for integration into the spacecraft or SRC.
The lead PDO members were Cost Account Managers for their products and were
responsible for meeting the agreed cost and delivering on the agreed schedule.
PDO lead personnel supported the ATLO Team throughout the system-level test-
ing and launch preparations and some of these personnel moved into the Mission
Operations Team at launch.
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c. Space Segment

The spin-stabilized spacecraft was composed of a main spacecraft with an attached
SRC. As part of the sample return sequence the SRC was separated from the main
spacecraft, which was diverted to a disposal orbit. The main spacecraft and SRC
are shown in the science collection configuration in Figure 1.4. The flight configu-
ration is shown in Figure 1.5.

Science
Star Canister
Trackers Cover Concentrator
Collector
/ Arrays Solar Panels
Command &
Data Handling
Digital Sun

Sensor (1 of 2)

Sample
Return
Capsule
Backshell

l Genesis

‘ Electron  Nutation Propulsion Tank
LGA-fwd LGA-aft Monitor Damper (1 of 2) (10f2)
(10f2) (10f2) (GEM)

* Genesis lon Monitor (GIM) is caddy corner GEM, on +Xsv deck (fwd)
* MGA and thrusters on -Xsv deck, towards -Xsv-axis (aft)
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Figure 1.3.
Lockheed Martin Genesis
organization in 1998.

Figure 1.4.
Spacecraft in science collection
configuration, sun view.



Figure 1.5.
Flight configuration with
thermal blankets installed.

Drogue parachute | SRC vent (1 of 2)
cover (mortar
blows it off during
deployment

Deployed solar array ‘

N,H, tank (1 of 2) |

Electron monitor |

Deployable aft conic
section (DACS)

d. Sample Return Capsule Detail

A cross section of the SRC design is shown in Figure 1.6. The science canister is
in the center with the SRC avionics units (AU) and the SRC primary LiSO, battery
mounted in the annulus around the science canister. The canister and the avionics
decks are mounted to the heatshield structure. The backshell contains the drogue
parachute on the centerline and the parafoil main parachute is packed around the
drogue canister. A mortar is fired inside the drogue canister to propel the drogue
parachute out through the mortar cover. The deployable aft conical section (DACS)
is released by firing three frangible pyrotechnic bolts (DACS Retention and Release
Mechanism) and the drag load on the drogue parachute pulls the parafoil out, tak-
ing the DACS with it. Before releasing the DACS, the cable to the drogue mortar is
cut with a pyrotechnic cable cutter.

PAGe 9 GENESIS MiSHAP REPORT



Main Parachute

Droguge Chute DACS R&R Mechanism

Parachute Deck Bagckshell TPS

Not visible —
UHF, GPS
Backshell

Avionics Unit(B) Structure
Unit A and Battery
Not shown
SRC Hinge (separated
prior to release) Science
Canister

Avionics Deck Carbon-Carbon

Heatshield

1.5 m diameter Heatshield
Canister Support Strut 1.0 m tall Structure

Cable & guide Backshell Sample collector
i < deployable arrays

Avionics
unit A

Sl sower e

Seals — heatshield to Science canister hinge

| backshell (two) J

Figure 1.7 shows the avionics unit A and the flight battery prior to installing the
thermal close outs. The collectors are partially deployed. Also visible in the upper
left is the cable management system that restrained the cable between the heat-
shield and backshell during backshell opening and closing.
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Figure 1.6.

SRC cross section

(SRC hinge is separated from
SRC prior to release).

Figure 1.7.

SRC prior to installing thermal
closures — avionics box A and
the LiSO, battery in foreground.



e. Drogue and Parafoil Parachute Deployment System Description

A parachute system is deployed in a sequence of timed pyrotechnic events. The
Genesis parachute deployment sequence is illustrated in Figure 1.8, and includes
the activation of post-landing location aides, namely, a GPS transceiver and a UHF

beacon transmitter.

The timing for each pyrotechnic event in the sequence is shown in Table 1. Redun-
dancy of the critical pyrotechnic devices was achieved by incorporating a firing
circuit in each of the two AU’s. The critical devices are the first three listed in Table
1. A simplified block diagram of the SRC pyrotechnic firing circuit is shown in

Figure 1.9.

Mortar fire .
Drogue inflated  Mortar harness cut and DACS

and )
ejection of Separation;
; GPS transceiver & UHF location

drogue
g beacon activated

Parafoil Bag Strip

(/‘// Do D;ACS \?% Parafoil Inflated
eploymen
Line T il !

Parafoil
Deployment %
Bag [

' /
/
!/ ,’J
/ Vi
/ /4
/ / /
x\;x /
e | pacs
Figure 1.8. 64
Parafoil deployment P
sequence.
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Table 1. SRC Sequence Timing.

Time of Fire Com-
mand after Start of
Pyrotechnic Event Sequencer, Redundancy
Device sec
Drogue mortar 5.7 Two firing circuits in each of
the two avionics boxes
Drogue harness 80.6 Two firing circuits in each of
cable cutter the two avionics boxes
DACS bolts, 259.6 Two firing circuits in each of
3 fired the two avionics boxes
simultaneously
GPS transceiver 261.4 One firing circuit in each of
the two avionics boxes
UHF beacon trans- 261.4 One firing circuit in each of
mitter the two avionics boxes
Avionics Unit 1
Test Point
G |__[LowPass| | Timer2
Online Switch1 Filterl mer:
L v | And
— Depass. G | lLowPass| [p. . |A1
; Switch2 Filter2
A
SRC Batt 1 Xducer
Enable Plug NSIs
/ Avionics Unit 2 Press SB places
G Low Pass . B1 xducer
éé Online Switchl [ | Filterl [ Timerl
— And
e Depass. G | |LowPass| |. . |B2
¥ Switch2| | Filter2 1mer Test Point
SRC Batt 2

The firing circuit is activated by the G-switch sensors, which are ANDed together

to preclude a single switch failure from prematurely issuing a fire signal. A low-

pass filter was added to prevent inadvertent G-switch sensor activation due to atmo-

spheric transients (buffeting) during re-entry. The pressure transducer is not a
backup to the G-switch sensor and is only used once the event sequence timer

(EST) is running to ensure that parafoil deployment occurs at the desired altitude.
A positive firing signal from the firing circuit in either AU was sufficient to fire the

respective pyrotechnic device.

GENESIS MisHAP REPORT PAGE 12

Figure 1.9.
SRC pyrotechnic firing
circuit layout.



Figure 1.10.
SRC avionics unit.
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28V
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I Pressure Transducer ]

The AU block diagram is shown is Figure 1.10. The primary functions performed
by the motor drive electronics (MDE) board were completed when the science can-
ister and the SRC were closed on April 1, 2004. During the SRC release sequence,
the relay card and the field programmable gate array (FPGA) on the MDE board
are used only to connect the SRC LiSO, batteries to first the depassivation resistors
and then to the EST board to power it through entry and post-entry operations. G-
switch sensors, used to sense atmospheric entry and initiate a pyrotechnic events
timer, were mounted on the relay card although voltage was applied for the pyro-
technic events from the EST card.

The G-switch sensor is an acceleration-sensitive sensor, which is somewhat smaller
than the metal ferrule of a common wooden pencil (Fig. 1.11).
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The acceleration direction required to close the switch is shown in Figure 1.11. An
X-ray of the G-switch sensor shows how the spring mass and contact are oriented
inside the cylinder (Fig. 1.11). The closure lip provides a good orientation refer-
ence between the photograph of the exterior and the X-ray of the interior of the
G-switch sensor. When the G-switch sensor is mounted in the correct orientation,
the internal plunger compresses against its spring as the ¢’s are increased, making
electrical contact. The g profile for the Genesis entry, shown in Figure 1.12, was

close to the pre-launch prediction.
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Figure 1.12. Time from Entry Interface (sec)
Genesis entry g profile.

As seen in Figure 1.12, the ¢’s build up due to the increased drag in the atmosphere.
Upon reaching 3 ¢’s, the plunger touches an electrical contact in the end of the G-
switch sensor, closing the circuit and arming the sequencer. When the SRC slows
down and the ¢’s drop below 3 ¢’s, the plunger in the G-switch sensor pushes away
from the contact, which breaks the circuit and starts the sequencer.
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2.0 GEeNEsls MisHAP DESCRIPTION —
SEQUENCE OF EVENTS AND TIMELINE

This section describes the events leading up to the impact of the Genesis SRC
vehicle at the Utah Test and Training Range (UTTR). Figure 2.1 illustrates the
nominal timeline from the SRC release enable/no-go decision through landing. A
detailed description of the post-impact ground recovery operations and timeline is
in Volume II of this report.

SRC Release Enable/No Go

A E-8H SRC Separation SRC Entry
£-4H E=0H (09:53 MDT, 15:53 UTC)
V=11 km/s
Earliest STRATCOM (Altair) Notn. STRATCOM (Altaly) =" FPA=-8.0°
~E-4:14, ~60,000km o R soamualr) 125 km
T T T T T T T T T T T T T T A T T T T T T T T . End STRATCOM (Begle) —— o~ Atmosphere

Earliest UTTR Radar Acquisition ~E+1.5m, ~60km
Over UTTR Airspace ~E+1.6m, ~43km

SYSTEM X

Drogue Deploy E+2.2m, 33k
ALTITUDE

Nominal UTTR Radar Acquisition ~E+3.5m|
~22km

Parafoil Deploy E+6.5m, 6.7

Helicopter Intercept SRC E+18m, 2.8k
Begin 1st Helicopter Pass E+19m, 2.5k

5th Helicopter Pass (if required) E+23m, 1.4/
DOWNRANGE

During the science portion of the mission, which had no significant anomalies, the
SRC functioned as an integrated element of the Genesis spacecraft. The SRC was
oriented to face the sun and was configured to expose the collector surfaces to the
solar wind. At the completion of the planned science mission, the SRC was closed
to avoid contamination of the collector surfaces during the return flight to Earth
and the spacecraft flew a trajectory designed to permit a daytime landing at the
target site.

Approximately 8 hours prior to landing, the SRC was prepared for separation and
entry by activating (depassivating) its dedicated batteries, severing umbilicals, and
increasing the spacecraft rate of rotation. A 4-hour period had been designed into
the timeline to permit response to any observed contingency, but none occurred
and the SRC separated from the parent Genesis spacecraft as planned. The Gen-
esis spacecraft was subsequently diverted to a disposal orbit.
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Figure 2.1.
Entry timeline.



Following separation, the SRC continued on a ballistic trajectory to its entry inter-
face with the Earth’s atmosphere. Entry occurred on time and at the nominal
location to support a landing as designed in the UTTR. Operation of the space-
craft appeared nominal until the expected deployment of the drogue parachute at
approximately 108,000 ft (33 km) altitude. No drogue or parachute was observed,
and the SRC impacted the desert floor at 9:58:52 MDT.

The navigation team reconstructed the trajectory of the entering spacecraft and
verified that the spacecraft was on the desired reference trajectory. Entry-phase
tracking systems acquired the SRC over Oregon at an altitude of about 300,000 ft
(90 km), only about 32 sec after encountering sensible atmosphere. Hypersonic
entry deceleration was nominal until well after the drogue parachute should have
deployed.

Following impact, the recovery helicopters located and surveyed the impact site,
and landed to permit recovery personnel to approach the SRC. The activities of
the recovery personnel involved potential exposure to toxic gasses that could be
released from a shorted battery and potential danger from the drogue mortar if it
were unfired. This is described in detail in Volume II.

Following safing activities, the SRC hardware was transported to a holding facility

at the Michael Army Airfield complex, where it was secured pending the arrival of
the Genesis Mishap Investigation Board (MIB).
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3.0 GeNEsls MisHAP METHOD OF INVESTIGATION

On September 10, 2004, the Associate Administrator for the Science Mission Direc-
torate established the NASA Genesis MIB and designated Dr. Michael Ryschke-
witsch, Goddard Space Flight Center (GSFC) Director of Applied Engineering and
Technology, as chairman. The Board was directed to:

e obtain and analyze whatever evidence, facts, and opinions it considered rele-
vant;

* conduct tests, and other actions it deemed appropriate;

e take testimony and receive statements from witnesses;

e impound property, equipment, and records as considered necessarys;

e determine the proximate cause(s), root cause(s), and contributing factors relat-
ing to the Genesis Mishap;

e generate and prioritize findings;

e determine the adequacy of contingency response planning and the appropriate-
ness of the actual contingency response, to include the safeing and securing of

the spacecraft and the science payload, and the protection of response person-
nel;

* develop recommendations to prevent recurrence of similar mishaps; and

e provide a final written report with contents as specified in NPR 8621.1A.

The letter establishing the Genesis MIB is provided in Appendix A.

LMSS investigation of the close out documentation provided to the Board gave
strong indication of the likely cause of the failure. However, due to potential impli-
cations for other flight systems the Board elected to continue with a more thorough
investigation (Appendix B).

The Genesis MIB Chair and Executive Secretary received initial briefings from
the Genesis Project (JPL and LMSS) and took responsibility for the recov-
ered hardware at the UTTR crash site, beginning Sept. 10, 2004. The Gen-
esis MIB held initial team organizational meetings on Sept. 14-15, 2004.
The Genesis Project held overview briefings for the complete MIB team at
UTTR on Sept.14-15 and at LMC on Sept. 22-23 and Sept. 29, 2004. The
briefing included material on the Genesis spacecraft, subsystems, development,
test, operations, navigation, and spacecraft health status up to the incident. On
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Oct. 27, 2004, the Discovery Program provided an overview briefing of the FBC
environment, including the Discovery Program culture at that time.

During these initial meetings, the Board established seven sub-teams to investigate
specific focus areas. The seven sub-teams and their summary charters are listed
in the following.

e Systems, Operations, and Environments

- Lead development of the failure timeline and fault tree for the
Genesis deployment failure.
- Coordinate the development, review, approval, and disposition of the
fault tree closure plans and records.
e “Test as you Fly’

- Determine the adequacy of the Genesis verification program as it
relates to the Genesis failure.

- Determine if the verification process for each relevant event
on the Fault Tree is adequate to absolve it as the cause of the
failure (through coordination with the Systems, Operations, and
Environments sub-team).

- Identify any inadequate verification of downstream event (as part
of the investigation of possible failures subsequent to the failure to
initiate the deployment sequence).

e Entry Dynamics and Descent

- Determine if the Genesis SRC entry and descent performance, prior
to the failure, were abnormal and may have caused the failure.

- Determine if the descent environment, after the pyro initiation
failure, might have been sufficient to trigger the pyro initiation
sequence.

e Battery

- Determine if the batteries caused or contributed to the Genesis pyro
initiation failure.

- Determine the cause and associated timeline for the low state-of-
charge exhibited by the batteries after the accident.

- Identify, plan, and execute, with the MIB chair’s concurrence, any
testing, data, and/or analyses required to answer these questions.
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* Avionics/Pyrotechnics/EEE Parts

- Determine if a failure in the design, implementation, or flight of the
Genesis avionics and pyrotechnic subsystems may have caused the
failure.

- Identify, plan, and execute, with the MIB chair’s concurrence, any
testing, data, and/or analyses required to answer these questions.

e Recovery and Ground Safety — (Volume II)

- Determine the adequacy of contingency response planning and the
appropriateness of the actual contingency response, to include the
safing and securing of the spacecraft and the science payload, and the
protection of response personnel.

e Project Environment and Decision Making Processes

- Identify any shortfalls in the project implementation/decision making
process that may have led to the Genesis failure.

After discussions with the MIB and FRB, in lieu of conducting a formal internal
investigation LMSS management elected to make available their extensive resources
to the MIB and FRB and to use the findings and recommendations to shape their
internal actions and responses. LMSS provided a consultant to the Board; a senior
manager with whom to consult and to help expedite LMSS actions.

In addition to root cause determination of the mishap, the MIB charter also included
an assessment of the adequacy of contingency response planning and the appropri-
ateness of the actual contingency response. The Recovery and Ground Safety Sub-
Team focused on safety, contingency planning, and ground communication issues.
This team was led by Mr. Stacey Nakamura, Chief of the NASA JSC Safety and
Test Operations Division, and focused on these issues at the request of the NASA
Chief Medical Officer. Volume II of this report contains the assessment, findings,
and recommendations for the Recovery and Ground Safety aspects of the Genesis
mishap.

Under the guidance of the Systems, Operations, and Environments Sub-Team, the
MIB used fault tree analysis to identify and analyze a comprehensive range of pos-
sible failure scenarios to provide a systematic process to track possible causes to
closure. The Systems, Operations, and Environments Sub-Team assigned the other
sub-teams various fault tree branches/items based on areas of expertise. The sub-
teams documented and tracked the analysis and information gathering necessary
to disposition each identified fault tree event. The Genesis MIB fault tree process
is provided in Appendix C-1, the fault tree diagram is in Appendix C-2, and Fault
Tree Closeout Plans and Records are in Appendices C-3 and C-4 (on DVD).

To provide the information required to disposition the fault tree failure scenarios,
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the Board requested specific inspections, tests and analyses to be conducted. The
analyses, which included SRC tumble analysis and aerodynamic stability analy-
sis, were performed by experts selected by the Board. The inspections and tests
were performed by MIB and FRB members and monitored by an MIB Quality
Engineer or LMSS technicians under the guidance of MIB and FRB members,
using procedures built by LMSS experts and approved by the MIB. Inspections
performed on the recovered hardware included inspections of the TPS, pyro-
technics, batteries, avionics boxes, and harnesses. Tests were conducted on the
SRC avionics Engineering Development Unit (EDU) and recovered avi-
onics units, including functional tests of cards from one of the recov-
ered avionics units. The results of the inspection, tests, and analyses are
summarized in the fault tree discussions in Appendix C and associated reports in
Appendix D.

The Systems, Operations, and Environments Sub-Team held fault tree closure
meetings and telecons during October and November 2004 where the sub-teams
reviewed and reached consensus on each fault tree closure. Following completion
of the Board fault tree reviews, the Board concurred on the likely credible cause
for the loss of Genesis; they also agreed upon the explanation of potential causes
considered, but determined to be unlikely or non-credible. Appendix E contains
the root cause and contributing factor narrative and the event and casual factor tree.
JPL formed its own Failure Review Board (FRB), which worked closely with the
MIB. FRB members worked with MIB sub-teams to maximize efficiency. The
JPL FRB final report is included in Appendix F.

The Project Environment and Decision Making Processes Sub-Team conducted
extensive interviews with current and former JPL and LMSS employees, as well
as other members of the Genesis Red Team. Privileged interviews were offered;
however, all interviewees requested non-privileged status. Because the interviews
were non-privileged, FRB members participated in all interviews.

The Board typically held teleconferences twice a week to track the status of sub-
team activities and discuss special areas of interest. Throughout the investigation
there were regular requests made of JPL and LMSS for information and data in
support of the Board. JPL and LMSS provided full and open communication in
response to all Board requests and provided specialized technical expertise when
requested. The list of contractors supporting the MIB is in Appendix G. During
the investigation, several meetings were dedicated to special topics. These meet-
ings ensured that all Board members had similar understanding or exposure to key
data. Minutes are provided in Appendix H.

The Board assembled observations concerning the Genesis design, verification,
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and review processes; identified root causes and contributing factors; and then
developed a set of recommendations. The MIB Chair provided a briefing of the
report to JPL and LMC personnel prior to release of the final MIB report to con-
firm accuracy.
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4.0 ProximaTe CAUSE

NPR 8621.1A, NASA Procedural Requirements for Mishap Reporting, Investigat-
ing, and Recordkeeping, defines a proximate cause as “The event(s) that occurred,

including any condition(s) that existed immediately before the undesired outcome,
directly resulted in its occurrence and, if eliminated or modified, would have pre-
vented the undesired outcome.” It is also known as the direct cause.

The Board determined the Genesis mishap proximate cause to be that the G-switch
sensors did not activate the EST due to the improper orientation on the relay cards
of SRC-AU boxes. In the wrong orientation, it was impossible for the sensors to
detect atmospheric entry and initiate the EST, which was required to fire the pyro-
technics.

The MIB researched the proximate cause of the failure of drogue parachute to
deploy during entry through a fault tree analysis. During this analysis, the Board
reviewed all aspects of the mission to identify potential contributors to the entry
failure. The fault tree analysis focused on four main failure scenarios (or fault tree
branches). These include:

* avionics systems failures
e electrical power system failures
¢ electrical harness/connectors failures; and

e drogue system failures.

These four fault tree branches were then extended to a total of 103 fault tree ele-
ments, or specific failure scenarios, as part of the MIB’s fault tree development
effort. Details of the fault tree are shown in Appendix C. The MIB thoroughly
investigated each element of the fault tree by examining design documents, pre-
flight test data, closeout photos, in-flight data, computer commands, telemetry, and
by physical examination and testing of the recovered SRC, and through assorted
special analyses. The data collected either supported or refuted each specific fault
tree element’s contribution to the mishap. Conclusions were then formulated and
the MIB as a whole concurred on the credibility of each possible failure mode.

Each of the four fault tree branches are described in more detail in the
following, along with its requisite impact to the proximate cause.

PAGe 23 GENESIS MIsHAP REPORT



4.1. SRC Avionics Unit Failure

During entry, the SRC-AU was responsible for detecting entry and invoking spe-
cific commands in the proper sequence to deploy the drogue chute, cut the drogue
chute harness, deploy the main chute, and activate the UHF and GPS systems.
During the Genesis entry, none of these occurred. The Avionics System fault tree
branch consisted of 13 sub-branches. These included:

1. The G-switch sensors did not activate the EST.

2. The low-pass filter in the EST was not designed properly for the
anticipated aerodynamic braking profile.

3. After the EST started, an inadvertent reset would stop the EST.

Incorrect timing of the EST oscillator prevented the release of the
drogue.

5. Latent electronic fault resulting from a potential high-voltage
discharge from the scientific concentrator grid circuit.

6. Mortar initiator circuit’s current limiting ballast resistor damaged in
pre-fight testing which prevented drogue pyro firing.

Logic circuits out of phase.

8. EST jumpers set incorrectly, resulting in wrong event sequence.
Electromagnetic interference (EMI) disrupted avionics circuit
operation.

10. Space or entry environment adversely impacted avionics.

11. Pressure transducers, if improperly wired, interfered with the fire
command.

12. The Avionics System internal short during flight or entry.

13. An open fuse prevented the Avionics Systems from operating
properly.

As noted earlier, it was determined that the G-switch sensors were improperly ori-
ented on the SRC-AU relay card, making it impossible to initiate the EST circuitry
and fire the pyrotechnics (item number 1 above).

MIB review of the board assembly drawings, flight board closeout photographs,
and the flight A and B side AU’s indicates that the switches were installed in accor-
dance with the design drawings. However, the relay cards, which contained the G-
switch sensors, were designed with the G-switch sensors in an inverted orientation
as compared to how they were planned for Stardust (the heritage design).
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Figures 4.1 and 4.2 show an assembly drawing and close out photograph of a flight
relay card with G-switch sensors, respectively.
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The inversion of the G-switch sensors made it impossible for the masses in each
sensor to compress their restraining springs, and activate the switch. As a result,
the circuit to the EST could not be closed, preventing the timer that controlled the
pyrotechnic firings from being initiated. Since the drogue pyrotechnic firing did
not occur, the SRC continued its descent at a high rate of speed, lost stability, and
struck the desert floor at 193 mph (311 kph).

4.2.  Electrical Power System (including the Battery) Failure

The electrical power system fault tree is comprised of the batteries as well as the
heaters and electrical loads that affect the power available to the avionics and
drogue systems during entry. The batteries powering this entry system are dedi-
cated to entry alone and were activated only hours before entry.

There were six fault-tree sub-branches associated with the electrical power sys-
tem.

Sequence that activated and conditioned the batteries was incorrect.
Power relays incorrectly configured.

Power system design flaw resulted in premature draining of battery.

Sl

The batteries or battery connectors jarred loose in-flight or during
entry.

5. The entry conditions caused the batteries or cables to overheat, or
short/open circuits to develop.

6. Insufficient battery capacity prevented deployment of the drogue
parachute (included assessment of battery over temperature event
during the mission).

The MIB investigated these possible failure modes and found each to be unlikely
or not credible. Appendix C documents the fault tree closeouts for each. Further,
Appendix D-1 contains a copy of the Battery Post-Flight Investigation Report,
which addressed item 6 above in detail.

4.3.  Electrical Harness/Connector Failure
The wiring harness within the SRC must connect all the electrical elements of the
SRC. In addition, this harness crosses a hinge and must be correctly routed and

secured to ensure hinge operation and keep all electrical connections intact.

There were three primary failure scenarios for the electrical harness/connector
system.
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1. Pyro circuits not connected.
2. One or more harness wires open during flight.

3. Harness wires shorted to each other or to ground.

The MIB dispositioned each failure mechanism as unlikely or not credible. Docu-
mentation for each is provided in Appendix C.

4.4.  Drogue System Failure

The Genesis parachute system is deployed in a sequence of timed pyrotechnic
events. The first event is to fire redundant NASA standard initiators (NSI’s). The
initiators then ignite the mortar propellant. The mortar ejects the drogue para-
chute out of the mortar into the air stream where it inflates, slows, and stabilizes
the vehicle. At the appropriate time, the mortar harness is cut and separation bolts
are fired to release the DACS and drogue from the vehicle and ultimately deploy
the parafoil.

For Genesis, the G-switch sensors were used to start the EST, which would fire
the NSI’s to start the parachute system deployment. If the sequencer had started
and the NSI’s fired, the drogue should have been deployed. Because the drogue
was not deployed, the remaining events in the parachute sequence could not be
accomplished.

Therefore, the sub-branches of fault tree for the Parachute System were limited to
the events associated with:

1. pyro firing
2. drogue deployment

The MIB dispositioned these failure mechanisms as not credible; they are docu-
mented in Appendices C and D.

PAGe 27 GENESIS MIsHAP REPORT



5.0 GeNesls MisHap RooTt CAUSES
AND CONTRIBUTING FACTORS

NPR 8621.1A, NASA Procedural Requirements for Mishap Reporting, Investigat-
ing, and Recordkeeping, defines a root cause as “one of multiple factors (events,

conditions, or organizational factors) that contributed to or created the proximate
cause and subsequent undesired outcome and, if eliminated or modified, would
have prevented the undesired outcome. Typically, multiple root causes contribute
to an undesired outcome.”

Further, NPR 8621.1A defines a contributing factor as “an event or condition that
may have contributed to the occurrence of an undesired outcome but, if eliminated
or modified, would not by itself have prevented the occurrence.”

Using a bulleted format, Section 5.1 describes the four process-level failures that
led to the mishap and their associated root causes and contributing factors. Section
5.2 provides a brief presentation of the major findings associated with each root
cause and contributing factor. Appendix E describes in narrative form each root
cause and contributing factor in greater detail. Section 6.0 provides recommenda-
tions to avoid the reoccurrence of the issues identified by the Board, and Table 6.1
provides a cross reference of root causes and contributing factors to recommenda-
tions.

Distinctions between JPL and LMSS Project Management and Systems Engineer-
ing are not generally made in this section. The Genesis Deputy Project Manager
was the LMSS Program Manager; as a result errors made by the LMSS Program
Manager cannot be — and the Board believes should not be -- separated from JPL
Genesis Project Management. Further, the lead JPL Systems Engineer agreed,
with Project Management concurrence, not to monitor or cross-check LMSS Sys-
tems Engineering activities or processes. This intentional omission leaves JPL
Systems Engineering equally responsible for errors committed by LMSS Systems
Engineering and for that reason distinctions between the two are made only when
necessary to explain the events.
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5.1 Process-Level Errors: Root Causes and Contributing Factors

The Genesis Project had a number of interrelated issues that led to the inversion of
the G-switch sensors -- the proximate cause that resulted in the drogue parachute
deployment mishap. After extensive review of the data and numerous interviews,
the MIB determined that deficiencies in the following four pre-launch, top-level
processes resulted in the incident, each involving multiple root causes and contrib-
uting factors:

1. the design process inverted the G-switch sensor design;
2. the design review process did not detect the design error;
3. the verification process did not detect the design error; and

4. the Red Team review process did not uncover the failure in
the verification process.

Under each process failure were multiple root causes and contributing factors.
Appendix E provides the Event and Causal Factor Tree depicting the hierarchy of
events from the root causes through to the proximate cause. The Board used root
cause analysis to develop six major categories of root causes and contributing fac-
tors; many of these were common to two or more of the above mentioned process
failures. The six categories and their associated root causes and contributing fac-
tors are listed below.

1. Inadequate Project and Systems Engineering Management

e Contributing Factor 1.1: Insufficient JPL Project Management and
Systems Engineering insight into LMSS activities.

e Contributing Factor 1.2: SRC not treated as a separate spacecraft.

e Root Cause 1.1: Genesis Project Management and Systems
Engineering did not perform due diligence with regard to reviewing
briefing materials.

2. Inadequate Systems Engineering Process
* Root Cause 2.1: Inadequate requirements generation.

* Root Cause 2.2: Systems Engineering did not define detailed
verification requirements for subsystems.

e Root Cause 2.3: Lack of documentation of changes made to
verification methods.

* Root Cause 2.4: Systems Engineering verification process did not
require consideration of a verifier’s qualifications nor incorporate
multiple verifiers.

e Root Cause 2.5: Systems Engineering was not required to review
subsystem test procedures or verification results.
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* Root Cause 2.6: Inadequate execution of System-level verification.

e Contributing Factor 2.1: Lack of a Systems Engineer assigned to the
end-to-end entry, descent, and landing (EDL) function.

e Contributing Factor 2.2: Inadequate Systems Engineering staffing
level.

3. Inadequate Technical Review Process

e Root Cause 3.1: Key individuals’ attendance was not required at
project technical and drawing reviews.

e Root Cause 3.2: SRC-AU Critical Design Review (CDR) was too
high-level to adequately assess the design.

* Root Cause 3.3: JPL SMO gave the Red Team too little time to
perform an adequate assessment.

e Root Cause 3.4: Inadequate Red Team management of focus groups.

4. Unfounded Confidence in Heritage

e Root Cause 4.1: Inappropriate confidence in heritage designs.

5. Failure to ‘test as you fly’

e Root Cause 5.1: G-switch sensor was not identified as having a
critical alignment in the Pointing and Alignment Document (Phasing
Plan).

6. FBC Issues

e Root Cause 6.1: The Faster, Better, Cheaper (FBC) philosophy:
‘cost-capped’ mission with threat of cancellation, if overrun.

5.2 Root Causes/Contributing Factors: Facts and Findings

The following section describes in a bulleted list format the individual root causes
and contributing factors identified in Section 5.1. More detail is provided for each
root cause and contributing factor in Appendix E-2.

In several cases the top-level process errors mentioned in Section 5.1 shared com-
mon root causes. To simplify the discussion, the root causes and contributing
factors are discussed in terms of the six categories of root causes and contributing
factors.

Root Cause Category No. 1: Inadequate Project and Systems Engineering Man-
agement
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Contributing Factor 1.1: Inadequate JPL Project Management and Systems Engi-

neering insight into LMSS activities.

Facts:

Insufficient JPL Project Management and Systems Engineering participa-
tion resulted from the FBC philosophy of pushing responsibility to the low-
est level and not interfering with the contractor’s processes.

JPL Project Management assumed that LMSS management was perform-
ing all necessary spacecraft Systems Engineering functions and required no
JPL support.

Discipline-specific engineering interaction did not occur on a regular basis
between the JPL and LMSS teams.

JPL Project Management and Systems Engineering limited its active sup-
port primarily to science instrument activities on the SRC.

JPL Project Management and Systems Engineering did not actively support
or thoroughly review the spacecraft or SRC, including the SRC-AU func-
tions.

The JPL Systems Engineering lead was not experienced in this type of proj-
ect.

Findings:

Inadequate JPL Project Management and Systems Engineering insight into
LMSS spacecraft activities played a significant role in the Genesis mishap.

Insufficient involvement by JPL Project Management and Systems Engi-
neering in spacecraft activities resulted in total dependence on LMSS for its
mission success.

The lack of involvement by JPL Project Management and Systems Engi-
neering at the lower levels did not directly cause the failure, but made it
difficult or impossible for them to identify the process failures that led to it.

Contributing Factor 1.2: SRC was not treated as a separate spacecraft.

Facts:

Project Management addressed the SRC as an integral part of the Genesis
spacecraft, not as a separate spacecraft.

This reduced costs by avoiding the additional management structure needed
if the SRC had been treated as a separate element.

Finding:

While not unsound or uncommon, this approach diminished focus on the
critical mission success elements unique to the entry phase and may have
contributed to the failure.
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Root Cause 1.1:  Genesis Project Management and Systems Engineer-
ing did not perform due diligence with regard to reviewing briefing
materials.
Facts:

e A centrifuge test to verify the directionality of the G-switch sensors had

been planned, but was deleted in favor of drawing inspections.

e The only documentation indicating that Genesis Project Management or
Systems Engineering had been informed of a centrifuge test deletion was a
single bullet presented at two management reviews that read, “SRC AU 3-¢
test approach validated; moved to unit test; separate test not required.”

e The “unit test” did not verify orientation, only continuity.
e No one recalled any discussion occurring regarding the bullet.

* Project Management and Systems Engineering assumed that a functional
replacement for a centrifuge test was to occur that would determine G-
switch sensor orientation.

Finding:
* Had Project Management or Systems Engineering questioned the meaning

of the cryptic bullet, the inadequacies of the approach would most likely
have been discovered.

Root Cause Category No. 2: Inadequate Systems Engineering Process
Root Cause 2.1: Inadequate requirements generation.

Facts:

e There was a requirement at the SRC avionics subsystem-level to deploy a
drogue. This requirement included the phrase “descending X axial decelera-
tion,” without a System- or AU-level coordinate system or figure to indicate
the direction of the deceleration (acceleration) vector.

e LMSS Systems Engineering assumed the wording of the requirement would
be understood, based upon Stardust experience where the requirement was
implemented properly and verified with a centrifuge test.

* The process of importing the Stardust design implementation did not include
orientation information or sensitivities.

e The critical step of interpreting the AU design and layout in an integrated
operational environment was not performed adequately due to the lack of
systems engineering support.

Finding:

e The inversion might not have occurred if the direction of the acceleration
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vector had been written in SRC avionics coordinates, or if a coordinate sys-
tem figure had been included with the acceleration vector noted.

Root Cause 2.2: Systems Engineering did not define detailed verification require-
ments for subsystems.

Facts:
* Consistent with the FBC philosophy, the component verification function

was delegated to the subsystem organizations with limited oversight from
System Engineering.

* Systems Engineering assigned a type of verification (test, analysis, etc.) and
a verification event (performance test, functional test, etc.) to each subsystem
requirement, reviewed spacecraft-level verification results, and performed
verification bookkeeping.

* System Engineering did not establish detailed expectations for the verifica-
tion of requirements.

Findings:
e The SRC-AU design and verification approach never demonstrated an inte-

grated understanding of how the SRC system was intended to function.

* Absent this understanding, the design was incorrect and the verification test-
ing was ineffective in detecting the design error.

* The G-switch sensor inversion might have been avoided had either the design
engineer understood the integrated functionality of the system or the verifi-
cation approach ensured an effective performance test of the AU.
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Root Cause 2.3: Lack of documentation of changes made to verification methods.

and

Root Cause 2.4: Systems Engineering Verification Process did not require consid-
eration of verifier’s qualifications or incorporate multiple verifiers.

These two root causes are closely related and are presented together in the follow-

ing discussion.

Facts:

The verification matrix for the Genesis spacecraft specified a performance
test be used to verify the integrated performance of the SRC-AU.

The actual method used to verify the G-switch sensor orientation was to
inspect the Stardust SRC-AU G-switch sensor drawings for similarity to the
Genesis drawings.

The inspection was performed incorrectly due to the SRC-AU PIE’s lack of
experience inspecting mechanical drawings.

The SRC-AU Specification was under LMSS Level 3 Change Control;
therefore, the SRC-AU PIE should have processed a Change Request before
changing verification methods.

The PIE did not process this Change Request or generate a Technical Mem-
orandum documenting his approach and findings.

Findings:

The PIE, an electrical engineer, performed the verification without the nec-
essary mechanical engineering background to review complex mechanical
drawings.

Either a Change Request or Technical Memorandum would likely have
resulted in a critical assessment of the inspection approach and possibly
detected the error.

Root Cause 2.5: Systems Engineering was not required to review subsystem test

procedures or verification results.

Facts:

Systems Engineering was not viewed as responsible for subsystem verifica-
tion activities and as a result, did not review test procedures or test/analysis
results performed at the Subsystem level.
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Systems Engineering did not review the ‘unit test’ procedure or results that
Project Management and Systems Engineering erroneously believed would
verify G-switch sensor orientation.

Finding:

No effective Systems Engineering review of the SRC entry system
verification occurred. Had Systems Engineering critically reviewed
verification activities, it is likely the incorrect orientation of the
G-switch sensors would have been detected.

Root Cause 2.6: Inadequate execution of System-level verification.

Facts:

The lower-level SRC-AU requirement was derived from the System-level
drogue chute deployment requirement, which had two requirements in one
statement. The first requirement was to deploy a drogue between Mach 1.6
to 2.0 and the second was to provide transonic/subsonic stability.

Review of the verification analysis for this requirement indicated that no
actual verification was performed, only a discussion of the intent of the
design.

Two engineers reviewed the verification analysis as a cross-check; however,
the lack of any actual verification was not recognized.

Based on an interview with the LMSS Chief Systems Engineer, although the
title of the requirement was “drogue Chute deploy,” the focus of the verifica-
tion analysis review was on the drogue stability issue alone, not the drogue
deployment.

Finding:

No verification of the relevant System-level drogue deployment requirement
was performed. Absent such verification and associated unit tests, the veri-
fication process did not identify the design error.

Contributing Factor 2.1: Lack of a Systems Engineer assigned to the end-to-end
Entry, Descent, and Landing (EDL) function.

Facts:

No one on the Systems Engineering Team had been assigned individual
Responsibility, Accountability, and Authority (RAA) for the entire EDL
sequence and for oversight of the system design and operations plans to
execute that phase.

A number of Systems Engineers had responsibilities that might have logi-
cally included the G-switch sensor function, but did not.
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* These Systems Engineers thought that another person had responsibility for
the G-switch function.

Findings:
¢ Verification of the SRC AU G-switch sensor function should have been a

responsibility of Systems Engineering, shared with the SRC-AU PIE, since
it crossed subsystem boundaries.

e The lack of a Systems Engineering Team member responsibility for this
critical integrated function did not directly cause the mishap, but did con-
tribute to its occurrence.

Contributing Factor 2.2: Inadequate Systems Engineering staffing level.
Facts:
* Based on MIB interviews, JPL and LMSS Project Management and Sys-

tems Engineering thought that the LMSS Systems Engineering Team had
an adequate staff.

e The LMSS Chief Systems Engineer was required to hold three positions
(Chief Systems Engineer, Systems Engineering Manager, and Contamina-
tion engineer).

e Interviews indicated that the Systems Engineering Team had difficulty
meeting their stated responsibilities, which were already reduced from tra-
ditional Systems Engineering responsibilities in accordance with Genesis’
implementation of the FBC philosophy.

Finding:

e The MIB found that LMSS Systems Engineering staffing levels were inad-
equate, and numerous traditional Systems Engineering responsibilities were
not performed, (e.g., detailed subsystem verification requirements not estab-
lished, subsystem test procedures not reviewed, and subsystem verification
results not reviewed).

Root Cause Category No. 3: Inadequate Technical Review Process
Root Cause 3.1: Key individuals’ attendance was not required at project technical
and drawing reviews.

Fact:

e It appears that no one with a System-level perspective of the drogue chute
deployment participated in the lower-level peer review of the SRC-AU.

* No one from Systems Engineering participated or was required to partici-
pate in the drawing signoffs.

Finding:
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* Had someone with a System-level perspective participated in these reviews,
the G-switch sensor design inversion might have been detected.

Root Cause 3.2: Design Reviews were too high level to assess the design ade-
quately.

Facts:

* The AU CDR consisted of a 4 hour, 148-page chart review with little techni-
cal content and was insufficient to support a box-level CDR.

e There were no noteworthy discussions of the G-switch sensor. No action
items regarding the G-switch sensors were assigned.

Finding:
* The design error might have been discovered had the design reviews been
conducted in significantly more detail.

Root Cause 3.3: JPL Systems Management Office (SMO) gave the Red Team too
little time to perform an adequate assessment.

Facts:

e For the June 2000 Red Team review, the JPL. SMO gave the Red Team only
3 days to review data products and meet with the project teams.

» This abbreviated review period was intended to avoid impacting the project’s
schedule.

Findings:
* An inadequate review period resulted in a review of insufficient depth to

meet its chartered goals, which were in part to evaluate the spacecraft and
SRC design, implementation, and test.

e Had the JPL SMO allocated adequate time to the Red Team for a thorough
review, the error (either the specific verification error or the overall verifica-
tion process failures) might have been discovered.

Root Cause 3.4: Inadequate Red Team management of focus groups.
Facts:

e The EPS Focus Group was a power system discipline-oriented team, not a
cross-cutting, multidiscipline-oriented team. This group reviewed the SRC-
AU at the June 2000 review.

* Red Team management formed an EDL Focus Group for the October 2000
Red Team cycle. This group was to take responsibility for AU parachute
deployment functions from the EPS Focus Group.

e The EDL Focus Group did not address the SRC-AU, except to recommend

PAaGce 37 GENESIS MisHAP REPORT



an action to coordinate with the Avionics Focus Group to review issues rela-
tive to the parachute deployment initiation system.

e The action was never completed because the Red Team system did not
require actions to be closed.

Findings:
e EDL and EPS Focus Group failures were ultimately failures of the Red
Team chairman to manage the Red Team properly.

e If the EDL Focus Group had pursued the EDL sequence completely, it is
likely this group would have questioned the G-switch sensor implementa-
tion or verification. Instead, this group focused almost exclusively on entry
aerodynamics.

e Had the EDL Focus Group followed up, or the Red Team action item process
forced a follow up with the Avionics Focus Group, the design and verifica-
tion errors might have been found.

Root Cause Category No. 4: Unfounded Confidence in Heritage Design

Root Cause 4.1: Inappropriate confidence in heritage designs.
Facts:

* The Genesis Project was based on an assumption of considerable reuse of
heritage designs from Stardust.

e The view was extensive throughout the Genesis Project, although not uni-
versal, that heritage hardware should be considered inherently more reliable
than non-heritage hardware.

* An erroneous belief that the SRC-AU was a heritage, or partially a heritage
design, and unfounded confidence in heritage designs in general led to five
errors that contributed to the mishap:

(1) Systems Engineering recycled the key drogue deployment
requirement in the SRC-AU specification from Stardust without
reconsideration;

(2) the SRC-AU PIE used Stardust schematics without reconsideration;

(3) the design reviews focused less attention to the details of the pyro
firing circuitry design because the presenters and reviewers placed
greater confidence in it than was justified;

(4) the SRC-AU PIE used the similarity of the Stardust heritage design
to perform verification of the G-switch sensor orientation, which was
performed incorrectly; and

(5) the EPS Red Team Focus Groups that reviewed the SRC-AU did
not review the design or the verification methodology because they
considered the likelihood of a design or verification problem with a
heritage design to be unlikely.
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Findings:
* A major misconception existed within much of the Genesis leadership and

within the Red Team that heritage hardware meant a lower standard of
review and verification was acceptable.

e It is likely that the design error would not have occurred or would have been
discovered during verification had the same standards as those applied to
new hardware been applied to the SRC-AU.

Root Cause Category No. 5: Failure to “Test as You Fly”
Root Cause 5.1: G-switch sensor not identified as having a critical alignment in the
Pointing and Alignment Document (Phasing Test Plan).

Facts:

e The Pointing Budget and Alignment Criteria Document (Phasing Test Plan)
did not identify the G-switch sensor as having a critical alignment.

e The G-switch sensors may not have been included because such plans are
typically produced by engineers concerned with hardware that has precise
alignment requirements, such as star trackers or science instruments.

* Members of the Genesis Systems Engineering team approved the docu-
ment.

Finding:
e Had the G-switch sensors been identified as alignment-critical and been

included in the Pointing and Alignment Document, the verification of the
sensors would have been performed properly.
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Root Cause Category No. 6: Faster, Better, Cheaper (FBC) Issues

Root Cause 6.1: Faster, Better, Cheaper (FBC) philosophy: Cost-capped mission
with threat of cancellation if overrun.

Facts:

e As proposed, selected, and confirmed on Genesis, the FBC philosophy had the
following effects:
(1) Maximal science scope and focus on payload issues at the expense of
the spacecraft, SRC, and ground systems.
(2) Low schedule and dollar reserves leading to significant adverse
pressure on decision making.

(3) Focus on a low-risk implementation led to a reliance on heritage
hardware which gave a false sense that mission risk was controlled
and allowed the risks associated with the lower standards for heritage
to go unrecognized.

(4) Very lean Systems Engineering team with heavy un-checked reliance
on the subsystems teams for requirements and verification functions.

(5) Near total reliance by JPL on the LMSS team and processes with
little cross-checking outside of payload and payload interface
activities.

* Genesis was selected with only 11-percent budget reserve at confirmation
and had only 7.2 percent at CDR. All involved (NASA, JPL, and LMSS)
were convinced that because of the assumed heritage design, this was an
acceptable position.

e JPL asked LMSS to give up fee to cover other non-LMSS risk issues and
avoid a project overrun of the cost cap.

Findings:
* The project maintained the cost-cap, in part at the expense of adequate tech-

nical insight by JPL into the LMSS Flight System and at the expense of a
complete and robust Systems Engineering function.

e The Agency was at fault for encouraging and accepting the FBC
philosophy as described above.
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6.0 RECOMMENDATIONS

The following 12 recommendations address the root causes and contributing fac-
tors identified in Section 5.0.

The Board did not make recommendations at the direct root cause or contribut-
ing factor level since they were generally at too low a level to provide meaningful
solutions. For example, the Root Cause 2.1 regarding inadequate requirements
generation could be addressed directly by recommending requirements training
for all Systems Engineers. However, although such training is widely available,
poor requirements are still common. The same can be said for almost any of the
other identified Project Management, Systems Engineering, or technical review
root causes and contributing factors. The Board chose to address issues at a higher
level. For example, in the case of inadequate requirements generation, the Board
recommends addressing this problem at the Systems Engineering level, not the
requirements level alone. When the causes of inadequate Systems Engineering
are corrected, the various Systems Engineering failures uncovered in this mishap
investigation will be addressed simultaneously.

The primary recommendations have to do with correcting systemic failures within
the technical review process that have led to inadequate technical reviews of SMD
Projects. In addition to correcting the constituents of the traditional review pro-
cess, Systems Engineering products and processes must be reviewed in significantly
greater detail than is common today. The Board did not intend the recommenda-
tions to add additional reviews; they propose to execute the correct reviews and
make them effective in probing a design and its processes.

Although there will be increased project-level costs associated with implementing
these recommendations, it is the Board’s view that any project-level cost increase

should be offset by Agency-level savings resulting from fewer mission failures.

Table 6.1 provides a mapping of root causes and contributing factors to the pro-
posed recommendations.
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6.1 Recommendations to Address Project Management and Systems
Engineering Failures:

The following recommendations address the System Engineering process failures
and the Management issues raised in Section 5.2. The first recommendation pro-
poses a review process to force discipline and completeness into the Systems Engi-
neering process for all future Science Mission Directorate projects. The second
recommendation is directed at those projects that are later in their project lifecycle
and where the first recommendation may no longer be feasible. The third recom-
mendation addresses overall strengthening of Systems Engineering within NASA’s
contractors. The fourth recommendation addresses the issue of failure to clearly
define responsibility through a complex spacecraft system. The fifth recommen-
dation identifies the need to assign adequate Systems and Subsystems Engineers
to projects. The final recommendation addresses the question of considering orga-
nizational structures that segregate separable elements of spacecraft, such as the
SRC.

Recommendation 1: Institute a Systems Engineering Plans, Progress, and Pro-
cesses Review for all Science Missions Directorate projects as part of the normal
Project Design Review process.

Discussion of Recommendation 1:

The Genesis mishap occurred mainly because of failures in NASA’s Systems Engi-
neering process. This issue is recognized within the Science Mission Director-
ate community and is known to be a cause of several of the Directorate’s recent
failures (MCO, MPL, TIMED, and CONTOUR). Given this, the Board believes
it is necessary for NASA to develop a strategy to significantly strengthen that pro-
cess. Although not a complete strategy, this recommendation should significantly
increase the rigor of project Systems Engineering.

Future projects should hold the proposed review as part of a project’s normal con-
trol gates. The project would be required to focus on the detailed Systems Engi-
neering processes employed, review the detailed Systems Engineering results that
led up to the control gate, and review the detailed Systems Engineering plans for
reaching the next control gate. This review should be a multi-day event -- simi-
lar to a standard Subsystem review. Focus should not be solely on process and
plans, such as the Systems Engineering and Management plan and the Configura-
tion Management plan, but also on review of the technical products (reports, trade
studies, requirements, verification results, etc.) that the Systems Engineering team
has produced. Having to explain to a group of experienced peers one’s plans and
progress in significant detail is the best method of ensuring an improved Systems
Engineering function within the Science Mission Directorate.
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Successful implementation of this recommendation requires Project management
buy-in, which will be evidenced by requiring that the forward plan at each con-
trol gate include a resource-loaded, detailed implementation schedule for Systems
Engineering activities.

The Systems Engineering lead for the Mission Design Review should chair the rec-
ommended review and it should be staffed by experienced Systems Engineers and
Project Managers. A set of standards for the review team and project team should
be developed, as well as training to assure compliance with these standards.

Recommendation 2: Hold a tailored version of the review for current Science
Mission Directorate projects that are late in their lifecycle and for which a complete
Systems Engineering Plans, Progress, and Processes Review may not be feasible.

Discussion of Recommendation 2:

Projects that are late in their lifecycle may not be able to support a detailed review
of all of their preceding Systems Engineering activities; however, a review of the
adequacy of the Systems Engineering processes and selected products leading to
the recommended review could identify significant weaknesses. If a significant
Systems Engineering failure were identified as part of the tailored review, a more
detailed review of any issues uncovered should be performed.

Recommendation 3: The Science Mission Directorate should place increased
emphasis on a contractor’s Systems Engineering processes and teams when mak-
ing contract and award fee decisions.

Discussion of Recommendation 3:

The size and scope of the Genesis Systems Engineering Team was reduced largely
to minimize costs. By increasing the emphasis on Systems Engineering in the
award of contracts and award fee, the Agency should be able to raise the level of
Systems Engineering staffing contractors apply to NASA projects.
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Recommendation 4: The Science Mission Directorate should require projects
to consider having Mission Mode Engineers from the Systems Engineering orga-
nization assigned to each mission mode (ascent, coast, entry, etc.) as a means of
guaranteeing complete coverage of all system functions.

Discussion of Recommendation 4:

Mission Mode Engineers would be responsible for all functions associated with
their assigned mode of operation; including requirements and verification, insight
into hardware and software designs, and operations. For example, the Genesis
system operated in several ways, each exercising distinct subsets of the hardware
and requirements in different ways and carrying distinct risks. For Genesis these
included launch and commissioning in orbit; science operations; return to Earth;
and entry, descent, and landing.

It is not atypical for NASA or its contractors to assign Systems Engineers responsi-
bility for particular subsystems -- tracking requirements, design, test, and operations
of those subsystems. Typically, modes of operations are addressed by Operations
Engineers. Although it is still appropriate to maintain Operations Engineers who
are responsible for modes of operations, there may be advantages to assigning
responsibility for a mode of operation to a member of the Systems Engineering
team, on a part or full-time basis. Since most modes of operation involve multiple
subsystems performing a system-level function, defining responsibilities by mode
will better allow Systems Engineers to view the subsystems/boxes from a System-
level perspective, instead of a stove-piped subsystem perspective. Also, by assign-
ing responsibilities for each mode of operation, coverage of each function within
the spacecraft will, by definition, be covered by a Systems Engineer.

Implementation of this approach should be left to individual projects; however, the
MIB recommends that the Science Mission Directorate require its consideration.
Regardless of the methodology chosen for implementation, it is essential that Sys-
tems Engineering functions be applied to each of the major modes.
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Recommendation 5: NASA and JPL should assign System and Subsystem/Disci-
pline Engineers to projects to maintain insight into the contractor’s activities.

Discussion of Recommendation 5:

In the Genesis case, JPL assigned too small a staff of System and Subsystem/Dis-
cipline Engineers to this contractor-managed project. The advantages that a NASA
or JPL team bring to contractor-run projects are that they:

* allow for viewing problems from different perspectives/cross-checking,
¢ allow for identifying problems that the contractor alone may not recognize,

» force the contractor to defend its technical decisions more thoroughly, with the
result that decisions are more thoroughly considered,

e provide a continuous review process to the project, identifying and correcting
problems earlier and at a lower cost, and

* allow for insight into processes to ensure their adequacy or allow identification
of needed changes.

In determining the proper NASA/JPL staffing, consideration must be given to the
team’s skill sets and training.

Recommendation 6: Future Science Mission Directorate projects that contain sep-
arable spacecraft elements within a single system should consider organizing the
elements as a separate spacecraft. All projects should ensure that separable space-
craft elements are analyzed and evaluated fully for their free-flight functions and
mission success, whether or not this is implemented organizationally.

Discussion of Recommendation 6:

Although there may be sound reasons to organizationally treat a separable space-
craft elements as part of a single spacecraft, these reasons should be justified.
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6.2 Recommendations to Address Inadequate Reviews:

Recommendation 7: The Science Mission Directorate should institute a signifi-
cantly more rigorous and more probing Design Review process than currently
exists.

Discussion of Recommendation 7:

That improved design review process should include the following items.

e A greater involvement in the planning and managing of reviews at all levels of
the system by the Systems Review Team.

e A process that includes System Review Team ownership of all reviews of Sub-
systems and instruments, the above-mentioned Systems Engineering Review,
and of all box-level and software reviews.

e Mandatory membership at each review that accounts for all disciplines appropri-
ate to the system, subsystem/instrument, box, or software under review.

 Significantly greater level of detail than has become typical at all levels of review
— less concentration on chartsmanship and more review of design details, analy-
ses, and other products over a multi-day period.

e Continuity and coordination of membership at the different levels of review
throughout the project lifecycle to maximize review team effectiveness.

* Notification of review chair of all substantive changes after each review.

An ineffective technical review process in the Science Mission Directorate also
contributed to the Genesis mishap. This issue, like the weakness of Systems Engi-
neering, is commonly recognized within the Science Mission Directorate com-
munity and has been a cause of several recent failures (MCO, MPL, TIMED, and
CONTOUR). The Board recommends significantly strengthening the technical
review process by raising the quality of technical reviews. Efforts to strengthen
the review process are underway at GSFC and JPL, and must be completed and
extended to all Centers and contractors executing Science Mission Directorate
projects.

Recommendation 8: Separate Red Teams, or other comparable review teams,
should not be routinely depended upon to conduct design and verification reviews
of projects. As part of instituting a more rigorous review process, standing inde-
pendent review teams should be given the charter across the lifecycle of the project
and the membership necessary to avoid having to appoint additional Red Teams
late in the project lifecycle.

Discussion of Recommendation 8:
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If a project’s independent System Review Team cannot be staffed properly or
trusted to perform the functions asked of Red Teams, then what purpose do the
System Review Teams serve and why do they exist? The charter of technical Red
Teams, such as the Genesis Red Team, is not generally outside the scope of a proj-
ect’s System Review Team. With advanced consideration of any special staffing
required, and a sufficient charter, there should be no reason to assign Red Teams
to review the design and verification of a project. A System Review Team does not
generally contain business support, but if this is required an augmentation to the
team could be made to fill that need.

Red Teams require a significant amount of time to become technically conversant
with a project, more time than they are generally given, and as a result, they are
unable to productively contribute and their impact is typically small or negative.
This can be avoided by relying on the Systems Review Team to perform that func-
tion.

6.3 Recommendations to Address Heritage Design Issues:

Recommendation 9: Give the heritage hardware and software used in Science
Mission Directorate projects the same level of review as new designs, to include
requirements, design, manufacturing, and test reviews.

Discussion of Recommendation 9:

Generally throughout the Agency, heritage hardware (and software) are given
less scrutiny than new hardware because of an often unfounded faith that heritage
designs are qualified and will perform properly in a new application. There are two
weaknesses with this approach. First, few heritage designs meet all requirements
associated with a new application and almost invariably require some level of mod-
ification or reverification to meet their new requirements. Second, the designer of
the heritage hardware is typically not available to support a new application, so the
level of understanding of the heritage design is generally lower than it is for a new
hardware designs — a risky position in which to place a project.

Although cost, schedule, and technical risks for heritage hardware and software
may be lower than for new hardware, that can only be the case if there is a full engi-
neering understanding of the heritage design and the configuration maintained.
To reach that level of understanding, for a new set of requirements and without
the original designer, the heritage design must be reviewed as thoroughly as new
hardware. Since the design, analysis, production, and verification products already
exist for heritage designs, there should be no additional costs associated with pro-
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ducing these products. An incremental cost to develop a full understanding of the
products and to present them at a detailed box-level review should be more than
offset by a reduced likelihood of failure.

In general, heritage elements may reduce detail design costs, but project managers
should not expect the use of heritage elements to reduce the work in requirements
management, verification planning, and review. It should not be expected that a
high heritage system will require significantly less Systems Engineering resources
and contradictory statements should be carefully evaluated.

Recommendation 10: Reverification of all requirements should be required until
existing heritage verification can be certified as adequate by the responsible engi-
neer and demonstrated to be adequate at the appropriate box-level review. Like-
wise, testing requirements should specifically target all configuration changes from
the heritage design unless adequate detailed rationale can be developed.

Discussion of Recommendation 10:

Inadequate verification of heritage hardware is common on many projects due to
the assumption that since it has been previously been qualified that it requires less
scrutiny than new hardware designs. This is often not the case, since the applica-
tions are almost always somewhat different and/or the design has been modified
to operate in a new application. This recommendation is intended to enforce a
rigorous treatment of heritage hardware verification by requiring the same level of
verification as is applied to new hardware.

6.4 Recommendation to Address “Test As You Fly” Issues:

Recommendation 11: Include a requirement to review ‘test as you fly’ and ‘phas-
ing test’ plans and deviations specifically as part of the improved design review
process. This should occur at every level of assembly as part of the verification
discussion.
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Discussion of Recommendation 11:

Test as you fly exceptions and phasing test plans are commonly presented at design
reviews, but not always. The Science Directorate should apply this practice univer-
sally and the System Review Team should review it thoroughly.

6.5 Recommendations to Address Faster, Better, Cheaper Issues:

Recommendation 12: The process leading to project confirmation should identify
the appropriate level of reserves for a project based upon its overall maturity, launch
constraints (e.g., short window planetary mission vs. low-Earth orbit), complexity,
and all identifiable cost, schedule, and technical risks.

Discussion of Recommendation 12:

The Discovery Program (and other competitively selected science missions pro-
grams) has evolved significantly since the time of the Genesis selection and con-
firmation. In particular, the AO’s now require significantly larger reserves and
emphasize the identification and management of risk. However, it is not clear that
the current selection and confirmation process adequately assess the unique risk
levels for each mission to ensure that reserve levels are adequate for that mission.
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Table 6.1 Cross Reference of Root Causes and Contributing Factors to Recommendations.

Mapping of Genesis MIB Recommendations
to Root Causes and Contributing Factors (P =
Primary mapping; S = Secondary mapping)

Project Management and Systems Engineering

Recommendations

R1) Institute a Systems Engineering Plans, Prog-
ress, and Processes Review for all Science Mis-

sions Directorate projects as part of the normal

Project Design Review process.

R2) Hold a tailored version of the review for

current Science Mission Directorate projects that
are late in their lifecycle and for which a complete

Systems Engineering Plans, Progress, and Pro-

cesses Review may not be feasible.

R3) The Science Mission Directorate should place
increased emphasis on a contractors Systems

Engineering processes and teams when making

contract and award fee decisions.

R4) The Science Mission Directorate should

require projects to consider having Mission Mode
Engineers from the Systems Engineering orga-

on mode (ascent,

coast, entry, etc.) as a means of guaranteeing
complete coverage of all system functions.

nization assigned to each mi

R5) NASA and JPL should assign System and

Subsystem/Discipline Engineers to projects to

maintain insight into the contractor’s activities.

R6) Future Science Mission Directorate projects

that contain separable spacecraft elements within
a single system, should consider organizing the
elements as a separate spacecraft. All projects

should ensure that separable spacecraft elements
are analyzed and evaluated fully for their free-

flight functions and mission success, whether or
not this is implemented organizationally.

1. Inadequate Project and Systems Engineer-
ing Management

Contributing Factor 1.1: Insufficient JPL
Project Management and Systems Engineering
insight into LMSS activities.

Root Cause 1.1: Genesis Project Management
and Systems Engineering did not perform due
diligence with regard to reviewing briefing
materials.

Contributing Factor 1.2: SRC not treated as a
separate spacecraft.

2. Inadequate Systems Engineering Process

Contributing Factor 2.1: Lack of a Systems
Engineer assigned to the end-to-end Entry,
Descent, and Landing function.

Root Cause 2.1: Inadequate requirements
generation.

Root Cause 2.2: Systems Engineering did not
define detailed verification requirements for
subsystems.

Root Cause 2.3: Lack of documentation of
changes made to verification methods.

Root Cause 2.4: Systems Engineering veri-
fication process did not require consideration
of a verifier’s qualifications nor incorporate
multiple verifiers.

Root Cause 2.5: Systems Engineering was not
required to review subsystem test procedures
or verification results.

Root Cause 2.6: Inadequate execution of
System-level verification.

Contributing Factor 2.2: Inadequate Systems
Engineering staffing level.

3. The Review Process at All Levels Failed to
Identify the G-Switch Inversion

Root Cause 3.1: Key individuals’ attendance
was not required at project technical and
drawing reviews.

Root Cause 3.2: SRC-AU Ceritical Design
Review was too high-level to adequately
assess the design.

Root Cause 3.3: JPL SMO gave the Red
Team too little time to perform an adequate
assessment.

Root Cause 3.4: Inadequate Red Team man-
agement of focus groups.

4. Unfounded Confidence in Heritage

Root Cause 4.1: Inappropriate confidence in
heritage designs.

5. Failure to ‘test as you fly’

Root Cause 5.1: G-switch sensor was not
identified as having a critical alignment in the
Pointing and Alignment Document (Phasing
Plan).

6. FBC Issues

Root Cause 6.1: The Faster, Better, Cheaper
(FBC) philosophy: ‘cost-capped’ mission with
threat of cancellation, if overrun.
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7.0  OTHER OBSERVATIONS AND
RECOMMENDATIONS

The following observations were made during the course of the MIB activities.
They do not relate directly to the incident; however, the Board believed they were
significant enough to document and to make recommendations to the Science Mis-
sion Directorate.

7.1.  Recording Key Engineering Telemetry

Observation: ~ The Genesis SRC collected temperature strip data that indicated
the effectiveness of the heat shield. These data could be useful for future applica-
tions or return capsules and were used to eliminate certain heat shield breach faults
that might have led to the incident. The temperature strip data, which did not
require any data recording devices, were the only entry data gathered on board the
SRC.

The Board believes that it might have been useful to the community at large to have
gathered more information during the entry -- information that could be applied to
other return capsule concepts -- including Exploration System vehicles.

Project Managers who are not required to gather data for other future missions
make logical, pragmatic decisions based on their science requirements and fund-
ing limitations. As a result, the need to maximize science yield and minimize
cost drive Project Managers to collect no more than is required for their specific
mission.

Recommendation: The Board recommends that the Agency determine for each
mission what, if any, ancillary engineering data should be gathered that might
have applicability to other NASA applications. The results should be provided to a
Project Manager as a requirement with the understanding that there will be a cost,
and probably a science return, impact of such a requirement.

7.2.  Missing Resistor
Observation: One of the Genesis fault tree items was number 2.8, Timer Jumpers
Wrong, Causing Excess Delay. The following observations were made during the

inspections and test performed to close out this fault tree item.

To implement each timing circuit, a constant clock signal of a 10-Hz frequency is
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Figure 7.1.

Example of EST timing
circuit and timing jumper/
resistor placements.

input to one 12-bit (12 output lines) binary counter integrated circuit for each of
the different timing circuits (drogue chute deploy; drogue harness cut; main chute
deploy; etc). Each circuit is independent of each other with the exception of the
10-Hz oscillator.

The required timing is then selected by connecting some or all (depending on the
desired time) of the counter outputs to a series of logic AND gates.

The AND gate inputs are either connected to the counter outputs or to 5 V through
installation of one (but not both) of a pair of resistors/jumpers (one pair for each
AND input/counter output pair). One resistor of the pair, if installed, would con-
nect the AND gate input to 5 V making that particular AND gate input a logic ‘I’
all of the time and thus not affected by, or connected to, its paired counter output
(see resistors 1B and 2B in Fig. 7.1). However, if the other resistor of the pair were
installed instead, it would connect the counter output to the AND input causing
that AND gate input to follow the logic state of the counter output (see resistors 1A
and 2A in Fig. 7.1). Only one of the pair should be installed (i.e., 1A or 1B but not
both). By systematically choosing which of the resistors are installed, the 10-Hz
input clock can be divided down to achieve the desired timing.

The Avionics/Pyrotechnics/EEE Parts Subteam reviewed the base-lined drawings
and subsequent changes, made with respect to the placement of the timing resistors
and the respective signal timing expected from those resistor positions.

5Vis
iB
1A
Cutput 1 !
AND
Qutput 2 o
2A

Cutput X [— 28
Counter BVt
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During the inspection of the EST board from avionics box B, all the resistors were
determined to be installed in the proper configuration to achieve the stated signal
timing.

During the inspection of the EST board from avionics box A, one pair of resistors,
R185 and R186, was found to be missing (i.e., one of the two (R186) should have
been installed but neither one was). This particular pair of resistors is in the tim-
ing circuit for the drogue chute harness cable cutter. Figure 7.2 shows some of the
resistor pairs and the missing resistors intended location.

With neither resistor installed, the input to one of the AND gates is left ‘floating’
in an indeterminate state. When a CMOS logic input, such as the AND gate is left
floating, the chip can sometimes read that input as a logic ‘1’ and at other times as
a logic ‘0’. Which logic level this input floats to (1 or 0) can be affected by several
factors including humidity and surrounding electrical fields and cannot be pre-
determined.

For example, this particular board went through its testing program and never
showed a failure of this timer.

What this floating input means for the timing circuit is that if the input happened to
‘float’ to a logic ‘1’ during the timing sequence, the circuit would have worked as
expected. However, if the input ‘floated’ to a logic ‘0’, that particular timing circuit

would have failed to send a ‘fire’ signal to its pyro. Since there was a redundant

I LN
Circuit trace pair
B 1 resistor/1 empty slot 4
as it should be

a

MISSING
RESISTOR

SYVVYSE96X

o

¥ v
Circuit trace pair )
1 resistor/1 empty slot
as it should be
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circuit in the other AU, this missing resistor could have resulted in a loss of redun-
dancy but not a loss of pyro function.

An inspection was then made to determine if there had been a resistor installed but
knocked loose upon impact. Inspection inside the box showed no loose pieces and
a review of the close-out photos for the EST board confirmed that the resistor was
missing prior to flight.

LMSS designers and Quality Assurance then reviewed paperwork to determine if
the component had been installed and then removed under direction.

A review of the ‘pick list’, which is the list of components input into an automated
part insertion machine, showed that R186 was programmed into the machine for
insertion. There was no indication that a post-assembly inspection noticed a miss-
ing resistor.

Later in the project cycle, LMSS changed some of the jumper resistors to modify
some of the pyro firing timings. Changes were made on three separate occasions
under three different Redline Record Sheets (RRS). There were also two resistors
replaced as a precautionary measure due to visual damage (scratches).

A review of change papers indicates that neither R186 or R185 were to be moved;
however, resistors R187 and R188 had been moved -- the most recent move had
been during the last set of changes. Resistor 187 is within approximately 0.1 inches
of the R185/R186 pair. In addition, only R188 has a reference designator on the cir-
cuit board, which makes if difficult to locate the correct components on the board.
There is a possibility that R186 was inadvertently removed during the modifica-
tions of R187/R188.

A microscopic view of the solder pads showed evidence of re-solidification of the
solder on the R186 pads, which indicates that the solder had been melted, most
likely when R186 was removed.

Whatever the reason for the missing resistor, the fact that it was not noticed indi-
cates a breakdown in the quality inspection process.

While MIB members were inspecting the flight hardware, three issues became
evident that made the inspections of the timing resistors difficult.

1. The assembly drawings did not show the placement for all of the timing resistors
(i.e., a graphical representation that would help locate particular components).

2. The assembly drawings were not updated to reflect the changes to the resistor
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placement called out in the Redline Record Sheets (RRS); nor did the RRS
paperwork have any graphical representation of the new resistor locations that
could be used in a visual inspection.

3. Only a portion of the resistors actually had a reference designator (i.e., R123,
R43, R11, etc.) printed on the printed wiring board (PWB). Therefore, it was
very difficult to verify which resistor was which without using an Ohm meter
and probing the board (something that would have been frowned upon during
the assembly and testing of new ‘flight” quality boards).

The visual inspection could have been made easier if the assembly drawings (or
at least the RRS paperwork) had shown graphically, the new resistor locations and
these drawings had been kept up to date.
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Recommendation 1. - Documentation

Assembly drawings should show, graphically, the location of all components. Any
subsequent changes should be reflected in the graphical representation, preferably
on the actual assembly drawings, but at the very least in the change paperwork.
Text instructions are not sufficient for a proper inspection by themselves. The one
exception would be for changes that are simply part number or value exchanges
that do not require moving, removing, adding, orientation changes, or change in
physical size.

Recommendation 2. — Documentation and Design

While it is not always practical to silk screen the reference designator for every
component on to a PWB due to part density, a concerted effort must be made to
use as many designators as possible and to provide references for all Select-At-
Test components or jumpers that are subject to change. For those designators not
printed on the PWB, the assembly drawing should be annotated in such a manner
that the missing designators on the PWB can be easily identified on the drawings
(bold or italicize those designators on the drawing).

Recommendation 3. — Requirements Maturity and Flight
Electronics Hardware Build-up

By building the flight electronics and then making repeated changes, as the require-
ments matured, an environment was established that increased the likelihood of
a mistake being made, especially given the verification and systems engineering
problems identified in the Genesis program. When a design must be made more
complex to provide flexibility to meet changing requirements, re-verification of the
hardware after incorporating changes must be rigorous. Building up the final flight
hardware should be avoided until the requirements have been finalized and verified
on an Engineering (or development) unit.

7.3. LMSS Mission Success

Observation: The LMSS Mission Success Organization in Space Exploration Sys-
tems was separated from LMSS Product Assurance in December 1999, but did not
become active on Genesis until approximately March 2000, due to the Mars Polar
Lander (MPL) loss investigation. LMSS Mission Success was formed too late and
was too understaffed to have contributed to the Genesis mishap, either positively
or negatively. However, it was the Board’s view that this organization could be
strengthened to help avoid future mission failures.
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Recommendation: Strengthen the LMSS Mission Success organization to provide
a strong, independent technical review capability for future LMSS missions.
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8.0 StARDUST MissioN RECOMMENDATIONS

The Board suggests that the Stardust Mission implement the following recommen-
dations. During the Genesis mishap investigation, the Board identified areas of
investigation beyond the scope of their inquiry that will improve the understand-
ing of Stardust components and mission risks. These items are listed below and
organized into three broad categories: Hardware Test and Analysis, Contingency
Planning, and Engineering Reviews.

The Board suggests that these recommendations, especially the six Hardware Test
and Analysis recommendations, are carefully coordinated to ensure optimum use
of the Genesis flight hardware.

Hardware Test and Analysis

1. Perform Destructive Physical Analysis (DPA) of Flight G-Switch Sensor

The G-switch sensor performs a critical function by sensing the conditions that
start the recovery sequence. Post-flight spin tests indicated that the switch should
have functioned given the actual entry conditions for Genesis. However, the G-
switch sensor specification is not detailed enough to be able to validate the func-
tion of the switch for space application. The Board recommends that a DPA be
performed on the Genesis flight switches to evaluate the condition of the switch,
to determine the space and flight environment effects on the switch’s function,
and to determine if the switches will function properly during the Stardust entry
conditions. The DPA should encompass the standard suite of EEE part evaluation,
including a test of hermeticity.

2. Evaluate Effects of G-Switch Sensor Side .oad

During spin table tests of the Genesis flight G-switch sensors, an anomaly with one
of the switches was detected during the 30° off-axis test. (Note: The 30° off-axis
test represented a severe side load condition not indicative of the actual Genesis
entry conditions.) During this test one of the G-switch sensors stayed in the closed
position after the test was completed and the spin table had stopped. The switch
released only after a very slight vibration was applied to it. The Board recommends
that the Stardust reentry environment be evaluated to determine the G-switch sen-
sor side load. Further, G-switch sensor performance should be characterized over
a range of acceleration conditions and combined with the side load data to ensure
proper G-switch sensor behavior in the anticipated environment.

3. Determine Effects of Space Exposure on Parachutes and Pyrotechnics
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The Genesis SRC was exposed to the space environment for 3 years, providing an
excellent opportunity to evaluate the effects of long-duration space exposure on
parachute materials and pyrotechnics. The results of such an evaluation program
would directly benefit the Stardust Mission because Stardust used similar hard-
ware. Furthermore, future space programs that use parachute systems, such as
the Crew Exploration Vehicle Program, would also benefit from these data. The
Board recommends that the Genesis parachute and pyrotechnic systems undergo
a thorough test and evaluation program to determine the effects of long-duration
space exposure on these systems. The results of this program should be used to
assess the condition of the Stardust hardware. The evaluation program should
include materials used in construction of the parachutes and spare parachutes to
provide a baseline for comparison with the Genesis flight hardware. A detailed
plan should be developed to guide the test and evaluation of the Genesis materials
and pyrotechnics to ensure maximum effectiveness of the test program. Delibera-
tions regarding the test of the pyros should include knowledgeable JSC personnel.

4. Investigate SRC Latch Operability

The Genesis SRC latches are a scaled-up copy of the Stardust latch mechanisms.
Although Genesis telemetry indicated that the SRC latches were closed, post-flight
inspections revealed that one latch was open. The Board recommends that Star-
dust investigate whether the latch opened on impact or if it failed to operate in
flight. Results of the investigation should be used to assess the risk to Stardust. In
addition, the investigation should attempt to determine the source of the deposit on
the exposed bare metal of the latches.

5. Determine Ablation Margin For Heatshield and Backshell

The Genesis and Stardust heatshield and backshell use similar material and design
characteristics. The Genesis ablation performance can be used to evaluate the pre-
dicted Stardust reentry performance margin. The Board recommends that Stardust
update ablation models of the heatshield and backshell using Genesis core samples
if necessary. The updated ablation models should then be used to assess Stardust
performance margins.

6. Determine Effects of Space Exposure on Seals, Vents, and Science Canister
Filter

The Stardust seals between the heatshield and backshell and the backshell vents are
critical components of the reentry capsule that help prevent high-temperature gas
penetration. The science canister filter prevents contamination of the science sam-
ples after recovery. Since the Genesis seals and filter are very similar to the Star-
dust design, Stardust performance can be predicted from analysis of the Genesis
flight hardware. The Board recommends that the Genesis heatshield to backshell
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seals, the Genesis backshell vents, and the Genesis science canister filter be evalu-
ated to assess degradation due to the space environment. Results of this evaluation
should be applied to the Stardust seals, vents, and filter to predict their condition
and performance characteristics.

Contingency Planning

7. Adopt an Incident Command System Process for Recovery

Contingency Planning

The Board recommends that Stardust adopt an Incident Command System (ICS)
process into its planning and execution of recovery ground contingency operations
- this includes specifically those recovery ground contingency operations managed
by JPL/LMSS. If a Stardust mishap were to result in the activation of a recovery
ground contingency, the ICS process provides for effective command, control, and
coordination of emergency response operations. ICS would have helped the Gen-
esis Project with (1) identification, containment, and barrier control of “hot zones”,
(2) hazardous material awareness training and personnel protective equipment
provisioning, (3) clear contingency operations command structure, and (4) effec-
tive internal and external communications management. The ICS process is well
established in the United States and is used by municipal, state, civilian federal,
and military federal agencies:

http://www.fema.gov/nims/
http://www.fs.fed.us/fire/operations/niims.shtml
http://www.osha.gov/SLTC/etools/ics/what_is_ics.html
http://www.911dispatch.com/ics/ics_describe.html

Stardust recovery ground contingency plans should incorporate UTTR Safety pro-
tocols as well as clearly articulate the roles and responsibilities of the UTTR orga-
nization during contingency response operations.
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8. Review Recovery Contingency Scenarios

For the Genesis Project, recovery contingency planning and training were not
sufficient to ensure an adequate response to the incident that occurred (i.e., more
detailed planning and training for the “hard landing” scenario should have been
performed). The Board recommends that the Stardust Project review all possible
recovery contingency scenarios in coordination with the UTTR organization, pri-
oritize the scenarios for planning and resource allocation and training, and subject
them to an independent review.

9. Provide Sufficient Schedule for Recovery Contingency Review and Personnel
Training

The Genesis Project experienced schedule compression in the 3-month period prior
to SRC return. The Board recommends that the Stardust Project create a recovery
contingency planning schedule in coordination with the UTTR organization that
allows sufficient time for (1) development of detailed procedures, (2) independent
reviews (and associated follow up actions), and (3) contingency training.

10. Review Consistency and Adequacy of Recovery Contingency Requirements
Genesis utilized multiple documents at various organizational levels to identify
and plan for recovery contingency scenarios. These documents led to require-
ment inconsistencies and operational missteps. The Board recommends that the
Stardust Project perform internal reviews to assure consistency and adequacy of
requirements (including UTTR requirements) throughout the documentation tree.

11. Assemble One Binder for Recovery Contingency Plans

The Genesis Project did not maintain one main binder containing all recovery con-
tingency plans. Also, written recovery contingency procedures were not available
to all elements of the recovery team. The Board recommends that Stardust assem-
ble and maintain all recovery contingency documentation in a single binder with
configuration-controlled copies deployed to appropriate elements of the recovery
team. This recovery contingency documentation should include detailed proce-
dures for field recovery personnel.
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Engineering Reviews

12. Evaluate Stardust System Phasing

During the Board’s investigation, LMSS personnel described a Stardust
G-switch sensor spin table test. The description of the G-switch sensor test helped
the Board to understand and mitigate concerns regarding Stardust G-switch sen-
sor phasing. However, definitive test plans, procedures, and results were not pre-
sented to the MIB since this was outside the scope of the MIB investigation. To
ensure that Stardust G-switch sensor phasing is correct, the Board recommends
that an independent evaluation be performed of the Stardust G-switch spin table
test. This evaluation should include a review of the Avionics schematics and close-
out photos, as well as spin table test plans, test procedures, and test results. This
independent team should also review any other system phasing aspects of Stardust
that are deemed mission critical and are not already validated during flight. This
will provide additional assurance to NASA that all aspects of system phasing are
addressed for the Stardust Mission lifecycle.

13. Review Stardust Requirements and Verification Procedures

The Board’s investigation uncovered important gaps in Genesis requirement veri-
fication plans and practices. To ensure similar gaps do not exist in the Stardust
requirement verification program, the Board recommends an in-depth review of
the Stardust requirements decomposition and verification program. The scope of
this review should include actual verification test procedures, data, and analyses.
In addition, traceability of requirements to verification tests and evaluation of test
program coverage should also be reviewed to show that all requirements are prop-
erly verified.

14. Review Recovery Parachute System

The MIB identified a weakness in the verification and review process during the
investigation of Genesis. Review teams, such as the Red Team, failed to examine
the pyro and parachute hardware requirements and verification/qualification plans.
Also, very little data on the Genesis pyros were provided in the packages presented
to the review teams. The MIB focused limited resources on issues surrounding the
G-switch sensors and did not perform a detailed investigation on the pyros or para-
chute system. Because the Genesis mishap prevented a flight demonstration of the
pyro and parachute hardware and because little data exist to validate the Genesis
design, the Board recommends that the Stardust pyro and parachute requirements
verification and hardware qualification program be reviewed.
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9.0 NOMENCLATURE AND DICTIONARY

ACS Attitude Control Subsystem

AFT allowable flight temperature

AO Announcement of Opportunity

ATLO Assembly, Test, and Launch Operations
ATP Acceptance Test Procedure

AU avionics unit

BOL beginning of life

C&DH command and data handling

CCA circuit card assembly

CDR Critical Design Review

CEB concentrator electronics box

CFD Computational Fluid Dynamics

CIT California Institute of Technology, Pasadena, CA
CMIC command module interface card

DACS deployable aft conical segment

DCNS Digital Communications Network System
DGB disk gap band

DPA Destructive Physical Analysis

DSI/O dual slave input/output

DSMC Direct Simulation Monte Carlo

DSN Deep Space Network

DSS digital sun sensor

EDAC error detection and correction

EDL Entry, Descent, and Landing

EDU Engineering Development Unit
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EEPROM electrically erasable programmable read-only memory

EGSE Electrical Ground Support System

EI entry interface

EMC electromagnetic compatibility

EMF electromagnetic force

EMI/EMC electromagnetic interference/electromagnetic compatibility
EMIC EPS module I/F card

EOL end of life

EPI EaglePicher, Inc., Phoenix, AZ

EPS Electrical Power Subsystem

EPS/PCA Power Control Assembly in EPS

EPS/PIU Power Initiation Unit in EPS
EST event sequence timer
ET Ephemeris Time

FAT (or AFT) flight allowable temperature
(or allowable flight temperature)

FBC faster, better, cheaper

FET field effect transistor

FFRDC Federally Funded Research Development Center
FPGA field programmable gate array

FRB Failure Review Board

FSRD Flight System Requirements Document

FSW flight software

FTA Fault Tree Analysis

GEM/GIM Genesis Electron Motor/Genesis Ion Monitor

GPS global positioning system
GSE ground support equipment
ICD Interface Control Document

GENESIS MisHAP REPORT PAGE 66




ICS Incident Command System

I/F interface

1/0 input/output

IR infrared

ISA incident, surprise, anomaly

IX interface connector

JPL Jet Propulsion Laboratory, Pasadena, CA
KSC Kennedy Space Center, FL.

LANL Los Alamos National Laboratory, NM

LGA low-gain antenna

LMC Lockheed Martin Corporation

LMSS Lockheed Martin Space Systems, Denver, CO
LOI Lissajous Orbit Insertion

LSC load switch card

MAAF Michael Army Air Field, Dugway Proving Ground, UT
MAD motor articulation drive

MAR mid-air recovery

MDE motor drive electronics

MCSPF mission critical single point failures

MGA medium-gain antenna

MGO Mars Global Orbiter

MIB Mishap Investigation Board

MOS Mission Operations (team)

MPL Mars Polar Lander

MSRD Mission System Requirements Document
MSVDD Mission System Verification Description Document
MTF Multi-Function Test Facility

MVM master verification matrix
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NAV Navigation (team)

NSI NASA standard (pyro) initiator
PARL precess to attitude on rhumb line
PCA Planning, Control, and Analysis Team
PDR Preliminary Design Review

PDO Product Development Organization
PFR Problem Failure Report

PIE Product Integrity Engineer

PIM pyro initiation module

PIRS Product Integrity Reporting System
PIU pyrotechnical initiator unit

PMP Project Management Plan

PPIC payload & pointing I/F card

PRS Problem Reporting System (LMSS)
PTH plate through hole

PWB printed wiring board

R&R retention & release

RF radio frequency

S/C spacecraft

SCID spacecraft ID

SCLK spacecraft clock

SE Systems Engineer

SEE single event effects

SEU single event upset

SKM station keeping maneuver

SMO Systems Management Office

SMT surface mount technology

SNL Sandia National Laboratory, Albuquerque, NM
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SOC state of change

SPG single point ground
SRC sample return capsule
SSF Space Systems Factory
SSS spinning sun sensors

STRATCOM  Strategic Command

STR system test requirement

STU special test unit

TCM trajectory correction maneuver

TLM telemetry

TPS Thermal Protection Subsystem

TVAC thermal vacuum

UHF ultra high frequency

UTC Universal Coordinated Time

UTTR Utah Test and Training Range,
Dugway Proving Grounds, UT

VIS Verification Information Sheet

WCA worst-case analysis
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GENEsIs DICTIONARY

ACS

AFT

ATLO

AU

Backshell

C&DH

Attitude Control Subsystem (on S/C bus). The ACS is
primarily responsible for the pointing of a spacecraft
during on-orbit operations.

Allowable flight temperature (max allowable in flight
operations, usually derated from the design qualification
flight temp.

Assembly Test and Launch Operations. LMSS term
for all pre-launch flight hardware (FSW) operations at
the flight system le